Wind energy is developing very rapidly and over 30 GW of capacity was installed worldwide in 2009. It is also continuing to mature, with rotor diameters and ratings steadily increasing. Now there are several commercial designs available with rotor diameters exceeding 100 m and ratings exceeding 5 MW. Although the majority of developments are installed onshore, offshore wind is slowly taking off and there are plans for around 40 GW in Great Britain alone. The rapid growth has been accompanied by better understanding of the design issues, so that blades, towers, and other components are now lighter than they were 30 years ago and can be produced more efficiently. The most significant trend in recent years has been the move towards direct-drive generators, eliminating gearboxes that have, at times, been troublesome. Permanent magnet generators are delivering further weight savings, and research that is funded both by governments and manufacturers promises to deliver further improvements in cost effectiveness.
INTRODUCTION
World wind energy capacity has been doubling about every three-and-a-half years since 1990, as shown in Fig. 1 . Total capacity at the end of 2009 was about 158 GW and annual electricity generation from this plant is around 300 TWh, roughly equal to the annual consumption in Italy or Spain. In 1990, there was 1.7 GW of capacity, in 2000 there was 17.7 GW, and by the end of 2010 there is likely to be around 200 GW. The USA, with about 35 GW at the end of 2009, has the highest capacity but Denmark, with nearly 3500 MW, has the highest level per capita, and production there in 2009 corresponded to about 20 per cent of Danish electricity consumption.
The initial impetus for the development on wind energy -particularly in California and Denmarkcame from high oil prices in the 1970s. The emphasis changed during the 1980s and 1990s and wind energy was viewed as a means of reducing carbon dioxide emissions. A unit (1 kWh) of electricity generated by wind saves up to 1 kg of carbon dioxide, depending on the fuel that is displaced. The environmental case is still valid but, in addition, wind is also seen as providing energy security. In 2008, just before the start of the recession, the prices of conventional fuels were very high and wind energy generation costs were competing with those from the conventional sources of generation -especially if 'carbon prices' were factored into the comparison.
Wind also has attractions in the developing world as it can be installed quickly in areas where electricity is urgently needed. In many instances it may be a costeffective solution if fossil fuel sources are not readily available, or are expensive. In addition there are many applications for wind energy in remote regions, worldwide, either for supplementing diesel power (which tends to be expensive) or for supplying farms, homes, and other installations on an individual basis.
Most world wind is sited onshore but offshore wind projects have been completed, or are planned, in China, Denmark, Ireland, Sweden, Germany, the Netherlands, the UK, and the USA. By mid-2009, over 1500 MW was operational. Offshore wind is attractive in locations where pressure on land is acute and the mean annual wind speeds may be 0.5-1 m/s higher than onshore, depending on the location. The higher wind speeds do not currently compensate for the higher construction costs but the chief attractions of offshore are a large resource and low environmental impact.
DEVELOPMENT OF THE TECHNOLOGY
In the late 1970s, in response to the oil price increases around that time, a number of government programmes were initiated with the objective of developing suitable wind turbines. It was reasoned that large wind turbines would be needed to minimize the numbers required for matching the energy output from conventional power stations. Programmes in the USA, Britain, Germany, Sweden, Denmark, and elsewhere focused on the development of machines with ratings up to 4 MW and diameters up to 100 m. Details of some of these are included in Table 1 .
Most of the machines listed in Table 1 had two blades and their power output was limited by the use of fullspan pitch control, except where noted. Blades were mostly of glass-reinforced plastic construction, with the exception of the UK machine and the American MOD-5B, which used steel. With the exception of the Canadian machine, all used gearboxes to increase the rotational speed so that conventional (mostly induction) generators could be used. The Canadian machine was also different, in that it was a vertical-axis design. The UK also investigated the potential for vertical axis but no large-scale commercial designs have emerged.
There are apparent anomalies between rotor size and rated output in Table 1 . There are three 60 m diameter machines, for example, with ratings between 1.2 and 3 MW. The UK machine was designed for a highwind-speed site, where the use of a relatively high rating is justified by the more frequent occurrence of high winds. At sites with relatively low wind speeds, it does not make economic sense to design the power train for high outputs that will only be achieved for a few hours in a year.
Broadly speaking, none of the early prototypes spawned commercial designs and the quest for large turbines slowed -but did not cease -after the 1980s. The introduction of market incentives, initially in California and later in Denmark, and elsewhere, led to the construction of many thousands of machines that are small by today's standards (50-100 kW rated output, 15-20 m diameter). However, over the years, a process of what might be termed as 'technical evolution' took place and there has been a steady growth in size and output power. Several commercial types of wind turbine now have ratings over 3 MW and diameters around 60-80 m; machines for the offshore market have outputs up to 6 MW and diameters up to 126 m. The way in which sizes have increased is shown in Fig. 2 [1]; the average rating of turbines installed in Germany in 1992 was 180 kW and in 2008 it was just under 2000 kW -over ten times as much.
Machine sizes have increased for two reasons. They promise cheaper electricity and they deliver more energy. The energy yield is improved partly because the rotor is located higher from the ground and so intercepts higher velocity winds, and partly because they are slightly more efficient. This, in turn, is partly due to the increased use of variable [2] . In 2008, data from the Danish Energy Agency showed that the most productive machines delivered around 1500 kWh per square metre of rotor area. Reliability has also improved steadily and availabilities of 95 per cent or more are now common.
Design choices

Blades
Glass-reinforced plastic was a common design choice for blades in the early machines that are listed in Table 1 , and that is still the case, although there is an increasing use of carbon fibre-reinforced plastic, in the interests of reducing weight. Wood-epoxy is an alternative blade material. Blade weights have, however, reduced significantly since the 1980s as the better understanding of loads enabled over-generous safety margins to be reduced. The early preference for two blades did not last, possibly because their dynamics are more complex, and most modern machines have three blades. Each blade of Germany's Growian machine (100 m diameter, 3 MW output) weighed 28 tonnes, which was actually a little lighter than the American MOD-5B machine, on a pro rata basis. The weight of a set of two blades was therefore 56 tonnes. Today, the three blades of the 25 per cent larger RePower turbine (126 m diameter, 5 MW output) also weigh 56 tonnes. This illustrates how savings in blade weight have been made during the past 30 years. Figure 3 also shows the trend. Although there is some scatter, the blade weights of modern wind turbines are about 40 per cent lighter than the weight of 1980s turbines -despite the fact that most of today's machines have three blades, rather than two.
Fig. 3
Blade set weights of current wind turbine designs and of the early prototypes, listed in Table 1 2
.1.2 Drive train
Many of the other design features have changed over the years. In the 1980s, the power train, with rare exceptions, included a low-speed shaft, a step-up gearbox, and an induction generator, either four-or six-pole. Some of the earliest machines, following conventional power station practice, used synchronous generators. These proved to be less suited for wind turbines as the fluctuating power output -due to wind turbulence -could lead to torsional oscillations in the absence of adequate damping. Induction machines provide this, but came with other disadvantages; they draw high currents on connection -unless 'soft start' equipment is provided -and they need reactive power, although the demands can be reduced with capacitors. Their popularity is therefore declining, as shown in Fig. 4 , which shows the changing fortunes of the three principal generator types.
Variable speed operation has a number of advantages, including lower dynamic loads -as 'jolts' from wind gusts are absorbed by an increase in rotational speed -and lower noise levels in low winds. The advantages in terms of increased energy capture are frequently debated, but difficult to quantify. The increased aerodynamic performance tends to be offset by higher losses in the electronics associated with variable speed. Variable-speed machines are becoming more common and many generate power using an AC/DC/AC system, but double-fed induction generators have also become established. These also allow variable speed operation, and are usually able to deliver current at any specified power factor. However, double-fed induction generators are being supplanted by synchronous generators that are part of direct drive systems. These eliminate the gearbox and are usually of the variable speed type, with power conditioning equipment. Figure 5 compares the efficiency losses in the various drive options. As direct drive systems with permanent magnet generators have the lowest losses, Hydraulic drives were used and studied during the 1980s and 1990s and the relative merits are again being addressed in research that is currently in progress this suggests why this option is becoming increasingly popular.
Towers
Towers are usually made of steel and the great majority are of the tubular type. Lattice towers, common in the early days, are now rare, except for small machines in the range 100 kW and below. Recent increases in the price of steel have reawakened interest in concrete towers but there are relatively few examples yet.
Control
As the power in the wind increases with the cube of the wind speed, all wind turbines need to limit the power output in very high winds. There are two principal means of accomplishing this, with pitch control on the blades or with fixed, stall-controlled blades. Pitchcontrolled blades are rotated as wind speeds increase so as to limit the power output and, once the 'rated power' is reached, a reasonably steady output can be achieved, subject to the control system response.
Stall-controlled rotors have fixed blades which gradually stall as the wind speed increases, thus limiting the power by passive means. These dispense with the necessity for a pitch control mechanism, but it is rarely possible to achieve constant power as wind speeds rise. Once peak output is reached, the power tends to fall off with increasing wind speed, and so the energy capture may be less than that of a pitchcontrolled machine. The merits of the two designs are finely balanced and until recently roughly equal numbers of each type were being built. Since the turn of the century, however, pitch-controlled machines have become much more popular, due to the more precise control that can be achieved and this is especially important as grid operators are imposing stringent requirements for machines to 'ride through' grid faults.
ENERGY PRODUCTION
Contrary to popular opinion, energy yields do not increase with the cube of the wind speed, mainly because wind energy is discarded once the rated wind speed is reached. It does not make economic sense to build turbines with very high ratings that will only be reached on rare occasions. To illustrate the key parameters and the concept of rated output, a typical power curve for a 2 MW machine, 80 m in diameter, is shown in Fig. 6 . Most machines start to generate at a similar speed -around 3-5 m/s -and shut down in very high winds, generally around 20-25 m/s. Annual energy production from the turbine whose performance is charted in Fig. 6 is around 2457 MWh at a site where the wind speed at 78 m height is 5 m/s, 5629 MWh at 7 m/s, and 6725 MWh at 8 m/s. Wind speeds around 5 m/s can be found, typically, away from the coastal zones in all five continents, but developers generally aim to find higher wind speeds. Levels around 7 m/s are to be found in many coastal regions and over much of Denmark; higher levels are to be found on many of the Greek Islands, in the Californian passes -the scene of many early wind developments -and on upland and coastal sites in the Caribbean, Ireland, Sweden, the UK, Spain, New Zealand, and Antarctica. Offshore wind speeds are generally higher than those onshore -around 8 m/s in European coastal waters, for example.
WIND ENERGY COSTS
The cost of wind energy wind plant fell substantially during the period from 1980 to 2004. Prices in the 1980s were around $3000/kW, or more, and by 1998 they had come down by a factor of three. During that period the size of machines increased significantly -from around 55 kW to 1 MW or more -and manufacturers increased productivity substantially. In 1992, for example, one of the major manufacturers employed over seven people per megawatt of capacity sold, but by 2001 only two people per megawatt were needed [3] . The energy productivity of wind turbines also increased during this period. This was partly due to improved efficiency and availability, but also due to the fact that the larger machines were taller and so intercepted higher wind speeds. A further factor that led to a rapid decline in electricity production costs was the lower operation and maintenance costs.
With capital costs halving between 1985 and the end of the century, and productivity doubling, it may be expected that electricity production costs might fall by a factor of four. This general trend has been confirmed by the Danish Energy Agency [4] ; they suggest that generation costs fell from 1.2 DKK/kWh in 1982 to around 0.3 DKK/kWh in 1998.
Shortly after the turn of the century, the downward trend in wind turbine and wind farm prices halted and prices moved upwards. This was partly due to significant increases in commodity prices and partly due to shortages of wind turbines. Prices appear to have peaked in 2008, with complete wind farms averaging just under $2200/kW and wind turbines at just under $1600/kW [5] . Prices may now be falling, based on recent data from manufacturers' annual reports available to the autumn of 2009. The trends are shown in Fig. 7 .
Generation costs
No single figure can be quoted for the installed cost of wind farms, as much depends on the difficulty of the terrain, transport costs, and local labour costs. Generation costs depend, in addition, on the wind speed at the wind farm site -since this determines the energy productivity -and on the financing parameters. The latter depend on national institutional factors which influence whether wind farm investments are seen as high or low risk. Although there is a broad consensus that wind turbines are now sufficiently reliable to enable depreciation over a 20-year period, the 'weighted average cost of capital' (WACC) may lie between 5 per cent and 11 per cent. (The WACC is a weighted average interest rate that takes into account the cost of both bank loans and equity investments.) Typical generation costs are shown in Fig. 8 , using installed costs between $1700/kW and $2600/kW, an 8 per cent interest rate and a 20-year amortization period. Operating costs, which cover the costs of servicing, repairs, management charges, and land leases have been set at $32/kW/y for the lower capital cost and $60/kW/y for the higher capital cost. The link between wind speed and energy productivity has been established by examining the performance characteristics of a number of large wind turbines that are currently available. Although there is not a unique link between wind speed and capacity factor, the spread is quite small. All wind speeds refer to hub height. The estimates suggest that generation costs at $2600/kW range from just under $200/MWh at 6 m/s, falling to $87/MWh at 9.5 m/s. At $1700/kW, the corresponding range is from $125/MWh to $55/MWh, respectively.
WIND FARMS
The way in which wind energy has developed has been influenced by the nature of the support mechanisms. Early developments in California and subsequently in the UK, for example, were mainly in the form of wind farms, with tens of machines, but up to 100 or more in some instances. In Germany and Denmark, the arrangements favoured investments by individuals or small cooperatives and so there are many single machines and clusters of two or three. Economies of scale can be realised by building wind farms, particularly in the civil engineering and grid connection costs and possibly by securing 'quantity discounts' from the turbine manufacturers.
Offshore wind farms
The attractions of offshore wind are: the availability of a huge resource, low environmental effects, and good wind speeds -often exceeding 8 m/s -which are only found on limited numbers of onshore sites. The downsides are the need to protect the wind turbines from salt spray, the higher foundation and installation costs and the additional expenses of organizing operation and maintenance activities.
Offshore wind installations have been built in the waters around Belgium, China, Denmark, Germany, Ireland, the Netherlands, and the UK. A number of projects are being planned in Canada and the USA. The UK government has recently awarded concessions that allow the development of up to 32 GW of offshore wind; when this is added to awards from licensing rounds, the UK is set to host up to 40 GW in total. In May 2010, 1 GW was operational, 1.5 GW was under construction, 2.6 GW was 'approved but not built', and 43.7 GW was in the planning process [7] .
Economies of scale deliver more significant savings in the case of offshore wind farms and many of the developments involve large numbers of machines. Table 2 gives an indication of typical parameters for offshore and onshore wind farms. The strength of the offshore wind may be gauged by noting that the offshore wind farm is half the capacity of the onshore farm, but delivers well over half the energy output.
Offshore design trends: rotor sizes
For many years, conventional wisdom suggested that, 'electricity production from wind turbines increases with the square of the rotor diameter, but weight increases with the cube of the diameter'. As cost tends to be related to weight, it was reasoned that increased costs would eventually outstrip the increased value of the electricity produced and so wind turbine sizes would settle down at an optimum level. Although there is sound physics behind the maxim, other factors have masked the trends. Energy production increases faster than the square of rotor diameter -as the larger wind turbines 'see' higher wind speeds at greater heights, while experience has shown that rotor weights have not increased with the cube of the diameter. The loadbearing components of rotor blades -all things being equal -will increase with the cube the diameter, but this trend has been masked by the increasing use of lightweight materials such as carbon fibre-reinforced plastic. Several manufacturers and research groups are now actively involved in the development of 10 MW wind turbines, with rotor diameters around 160 m. As the use of larger machines means fewer are needed to generate a given amount of electricity, savings can be made in the costs of foundations, transport, and interconnecting cables, and these offset slightly higher costs of some of these large machines.
Foundations
Foundation costs offshore account for around 17 per cent of the cost of electricity [8] . Early examples of offshore wind farms often used concrete gravity bases, as these were cheap, and no drilling was required. Several later examples used monopiles that were simply hammered into the seabed. As the water depth increases, however, the diameter required of a monopile increases and so some of the deeper-water wind farms use tripods for greater stability or, alternatively, a jacket construction (effectively an underwater lattice tower). There is now considerable interest in the possibility of using floating foundations that would enable wind farms to be sited in deeper water -above about 60 m, say.
SMALL WIND TURBINES
Although the largest wind turbines tend to attract most interest, there is a wide range of sizes available commercially, from small battery-charging machines with ratings of a few Watts, up to, say 100 kW for farm use. A recent review of this market [9] found 124 manufacturers and suggested the term 'Micro small wind turbines (SWTs)' is used for machines up to 1 kW output, 'mini' up to 10 kW output and 'midi' up to 100 kW output. Although such turbines are more expensive than their larger counterparts, they are generally not competing with electricity from large thermal power stations and may be the only convenient source of power -possibly in conjunction with batteries or diesel generators. In developing countries small wind turbines are used for a wide range of rural energy applications, and there are many 'off-grid' applications in the developed world as well -such as providing power for navigation beacons and road signs. Since most of these are not connected to a grid, many use DC generators and run at variable speed. A typical 100 W battery-charging machine has a shipping weight of only 15 kg.
A niche market, where wind turbines often come into their own as the costs of energy from conventional sources can be very high, is in cold climates. Wind turbines may be found both in polar regions and in northern Canada, Alaska, and Finland.
ENVIRONMENTAL ASPECTS
No energy source is free of environmental effects. As the renewable energy sources make use of energy in forms that are diffuse, larger structures tend to be required and attention is often focused on the visual effects. Other environmental issues associated with wind turbines are the effects of noise and disturbance to TV signals and wildlife -especially birds [10] . The 'environmental credentials' of wind are often challenged, since observers note that substantial amounts of concrete are needed for the foundations, absorbing, it is argued, substantial amounts of energy.
Carbon dioxide emissions and energy payback
The question of energy consumption during construction and operation of wind turbines and wind farms has been examined in several studies and the majority have concluded that these amounts are very small. A related question -how soon the energy used in construction is repaid once the wind turbine is operational -has also been examined.
The energy used during construction of a wind turbine depends on the precise nature of the materials used, the manufacturing processes, and the size of the wind turbine. Accurate estimates demand an inventory of all the materials used in the construction and of the energy used during the fabrication processes. Apart from this, different designs of wind turbine use different amounts of materials and so the energy requirements will differ. Once the energy consumption has been established, the associated emissions can then be determined. Figures for carbon dioxide are usually quoted. With these provisos, there is generally good agreement between the various studies. The Department of Energy and Climate Change recently cited five studies that quoted figures in the range 5-15 g CO 2 /kWh -similar to the range for nuclear energy. The same citation suggested energy payback periods for wind are in the range 5-7 months [11] .
Noise
Most sources of power emit noise, and the key to acceptability is the same in every case -sensible siting. Wind turbines emit noise from the rotation of the blades and from the machinery, principally the gearbox and generator. However, it is important to note that noise levels in both urban and rural terrains increase with wind speed and this masks wind turbine noise to a certain extent. In most places there is a critical wind speed -around 4 m/s, when most wind turbines start to generate -when the additional noise is most likely to be perceptible (see Fig. 3 ). (At lower wind speeds wind turbines generate no noise, simply because they do not generate). At higher wind speeds, background noise due to the wind may be higher than noise generated by a wind turbine. The intensity of noise reduces with distance and it is also attenuated by air absorption. The exact distance at which noise from turbines becomes 'acceptable' depends on a range of factors, especially local planning guidelines. In Britain, planning authorities are guided by a comprehensive analysis of the relevant issues [12] and often stipulate that the increase in noise should be limited to a few decibels above the ambient level. Elsewhere in Europe absolute limits are sometimes laid down.
Television and Radio interference
Wind turbines, like other structures, can sometimes scatter electro-magnetic communication signals, including television signals. Careful siting can avoid difficulties that may arise in some situations if the signal is weak. Fortunately, it is usually possible to introduce technical measures -usually at low cost -to compensate.
Birds
Problems arose at some early wind farms that were sited in locations where large numbers of birds congregate -especially on migration routes. Most proposals for wind turbine construction require the developer to produce an environmental impact assessment and one of the issues that must be addressed is the likely interference with bird nesting activities and flight paths. Some planning authorities require monitoring after the wind turbine has been constructed to ensure that no problems have arisen. Problems are now rare, and most birds, for most of the time, are quite capable of avoiding obstacles and low collision rates are reported where measurements have been made.
Visual effects
There is no measurable way of assessing the effect, which is essentially subjective. Planning authorities usually require developers to submit photomontages that show how the developments fit in the landscape, so that they can assess the visual impressions. Experience has shown that good design and the use of subdued neutral colours -'off-white' is popularminimizes these effects. The subjective nature of the question often means that extraneous factors come into play when acceptability is under discussion. In Denmark and Germany, for example, where local investors are often involved in planning wind installations, this may ensure that the necessary permits are granted. Sensitive siting is the key to this delicate issue, avoiding the most cherished landscapes and ensuring that the local community is fully briefed on the positive environmental implications.
INTEGRATION INTO SUPPLY NETWORKS
Electricity systems in the developed world have evolved so as to deliver power to the consumers with high efficiency. One fundamental benefit of an integrated electricity system is that generators and consumers both benefit from the aggregation of supply and demand. On the generation side, this means that the need for reserves is kept down. In an integrated system the aggregated maximum demand is much less than the sum of the individual maximum demands of the consumers, simply because the peak demands come at different times.
Electricity networks are used to coping with variability, due to the fluctuations in consumer demands and plant breakdowns. What matters is the additional variability that system operators will need to manage as the volume of variable renewables increases. To illustrate this point, an analysis of the power fluctuations on the electricity network in Western Denmark (where there is 2400 MW of wind) provided useful insights [13] . The maximum increase in consumer demand over a 1 h period in 2007 was 675 MW. This would need to be managed by the system operator if there was no wind installed on the network. In practice, the wind plant generated 26 per cent of the total energy demand that year and the maximum 1 h increase 'seen' by the system operator (consumer demand minus wind power) was 900 MW. The behaviour of the system with 39 per cent wind energy was simulated by multiplying all the hourly wind power production figures by 1.5. In this instance the maximum 1 h increase seen by the system operator would increase to 1000 MW. Therefore, operation of the network with 39 per cent wind increases the maximum upward 1 h fluctuation by 48 per cent. This will necessitate additional short-term reserves, but is not unmanageable.
Wind (for which, of the variable sources, the most data are available) is not totally unpredictable. Analysis of data from Western Denmark shows that the standard deviation of the wind power fluctuations, 1 h ahead, is about 3 per cent of the rated capacity of the wind plant. In other words, with 4000 MW of wind on the UK system, if the wind power production at noon is 1000 MW, then by 1300 h it will lie between 880 MW and 1120 MW, with a probability of 67 per cent. Information of this kind gives system operators a basis for estimating the additional amounts -and costs -of short-term reserve that are required.
Several studies have been reviewed by the International Energy Agency [14] . More recent estimates suggest 10 per cent wind energy is likely to occur extra costs in the range £2.5-5/MWh ($4-8/MWh) and 20 per cent wind energy in the range £3-6/MWh ($5-10/MWh), approximately [15] .
Despite what is implied by some authorities, extra backup does not need to be built to cater for windless days. (Steve Holliday of National Grid, quoted in the Daily Mail of 20 November 2009, 'Has dismissed claims that utilities will have to maintain large fleets of idle power stations to backup unreliable wind turbines'.) There is a substantial body of evidence that points to wind energy having a capacity credit -in other words some conventional plant can be withdrawn from service as the amount of wind energy builds up. This topic is discussed in some detail in reference [13] . However, even if wind energy has no capacity credit, this simply means that all the conventional plant would remain in service, but operate with a lower load factor. With 20 per cent wind energy, say, the average change in the thermal plant load factor would be quite modest. With a 'perfect' system -where the plant margin is no greater than necessary -the average thermal plant load factor without wind would be about 59 per cent and this would come down to 47-52 per cent with 20 per cent wind (depending on whether or not a capacity credit is allowed). Lower utilization implies that the conventional plant would need to increase the 'capital recovery' element of its electricity price by about 25 per cent. This 'backup cost' was quantified by the author [13] and estimates of the total costs of managing variability, from the same source, are shown in Fig. 9 .
Numerous utility studies have confirmed that wind can readily be absorbed in an integrated network at modest cost. Beyond 20 per cent, some wind power may need to be curtailed on a few occasions if high winds coincide with low demand, but there are no 'cut-off' points. Practical experience at these levels is 
FUTURE DEVELOPMENTS
Wind energy technology continues to evolve. The continuing development of offshore wind has reawakened interest in two-blade machines, but this has not yet been reflected in the availability of commercial designs on a significant scale. As more manufacturers introduce direct drive machines, it seems likely that the proportion of these in the market is likely to increase. This trend is being helped by the wider availability of permanent magnet materials, which reduce weight. Further weight reductions might be achieved by the use of high-temperature superconducting materials in the generators, but this concept is not yet commercially established.
The very rapid growth in Denmark and Germany, up to around 2003/4, has now slowed, but Spain, India, China, and the USA are now forging ahead and there are plans for further capacity in Canada, the Middle East, the Far East, and South America. The future rate of development will depend on the level of political support from national governments and the level of commitment, internationally, to achieving carbon dioxide reduction targets.
Projections of future capacity vary. The International Energy Agency's reference scenario [16] suggests 422 GW by 2020, but other studies suggest higher values. The European Wind Energy Association [17] suggests that there will be 230 GW in Europe by 2020, of which 40 GW will be offshore. The technology has developed rapidly during the past 20 years, is still maturing, and further improvements are expected both in performance and cost. As oil and gas prices are now rising, the competitive position of wind in the electricity market is likely to improve.
Taking the IEA's cautious estimate of 422 GW for the installed capacity in 2020 and assuming an installed cost of $2000/kW suggests investments of around $540 billion will be required over the next 10 years.
